G protein-coupled receptors (GPCRs) have been found as monomers but also as dimers or higher-order oligomers in cells. The relevance of the monomeric or dimeric receptor state for G protein activation is currently under debate for class A rhodopsin-like GPCRs. Clarification of this issue requires the availability of well defined receptor preparations as monomers or dimers and an assessment of their ligand-binding and G protein-coupling properties. We show by pharmacological and hydrodynamic experiments that purified neurotensin receptor NTS1, a class A GPCR, dimerizes in detergent solution in a concentration-dependent manner, with an apparent affinity in the low nanomolar range. At low receptor concentrations, NTS1 binds the agonist neurotensin with a Hill slope of Ϸ1; at higher receptor concentrations, neurotensin binding displays positive cooperativity with a Hill slope of Ϸ2. NTS1 monomers activate G␣q␤ 1␥2, whereas receptor dimers catalyze nucleotide exchange with lower affinity. Our results demonstrate that NTS1 dimerization per se is not a prerequisite for G protein activation.
D
imerization of G protein-coupled receptors (GPCRs) has been the subject of intense interest. Class C GPCRs, such as metabotropic glutamate receptors and ␥-aminobutyric acid type B (GABA B ) receptors, clearly form homo-and heterodimeric structures, essential both for trafficking of receptors to the cell surface and for ligand-induced activation of receptors and G protein coupling. Detailed models for receptor and G protein activation have been proposed that account for the multidomain structure of class C GPCRs (for review, see ref. 1) .
In contrast, no conclusion has yet been reached as to the importance of dimerization for class A receptor function; the role of receptor monomers (2) or dimers (3, 4) in signal transduction is controversial. Models proposed to explain the mechanism of receptor-catalyzed G protein activation (5) (6) (7) assumed the interaction of G protein with a receptor monomer. More recently, class A GPCRs have been described as monomers (8) and dimers (see refs. 9 and 10) in living cells by resonance energy transfer methods. For rhodopsin, dimer particles and higher-order oligomers have been visualized in disk membranes by atomic force microscopy (11) . Based on structural constraints, a model was suggested in which a receptor dimer provides an extensive contact area for the heterotrimeric G protein; the surface area of a GPCR monomer was deemed insufficiently large to anchor both the G␣ and G␤␥ subunits simultaneously (3, 4, 12) . However, alternate models for the interaction of a monomeric rhodopsin with a G protein heterotrimer have also been proposed (2) .
The concentration of rhodopsin in rod outer segment disk membranes is high (Ϸ2.5 mM; for review, see ref. 13) , and rhodopsin may therefore exist only as dimers, as seen by atomic force microscopy (11) . Because a rod cell can respond to a single photon (14, 15) , only one activated rhodopsin protomer, with the other protomer in its inactive state, seems to be sufficient for G protein activation in disk membranes. A similar situation has been observed for the leukotriene B4 receptor in detergent solution (16) (and for homo-and heterodimeric class C receptors; see ref. 17 ). The ''functional unit'' for signal transduction may well be a receptor dimer, but the molecular determinants for G protein recognition and activation may reside in one receptor protomer (18) . It remains to be seen whether the interaction of rhodopsin with transducin serves as a model for all class A GPCRs.
Here, we ask whether the neurotensin (NT) receptor NTS1, a class A rhodopsin-like receptor, can activate G proteins as receptor monomers or whether receptors need to be in the dimeric state for G protein activation to occur. We show that purified NTS1 dimerizes in detergent solution in a concentration-dependent manner. NTS1 monomers activate the G protein G␣q␤ 1 ␥ 2 , whereas receptor dimers catalyze nucleotide exchange less efficiently. Based on our experiments, NTS1 dimerization is not required for G protein activation, but NTS1 dimerization seems to alter the mode of the receptor-G protein interaction.
Results
An assessment of the properties of NTS1 depends critically on an experimental setup that allows the unambiguous definition of receptor monomers and dimers. Here we present experiments in detergent solution, describing well defined preparations of receptor monomers and dimers and their ligand-binding and G protein-coupling properties.
Initial experiments established that NTS1 coupled to G␣q in detergent solution (data not shown), as previously reported for membrane-bound NTS1 (see refs. 19 and 20) . The interaction of purified NTS1 with purified G protein subunits critically depended on the amount of detergent present, and it was of utmost importance to control carefully the actual detergent levels in the experimental setup. High detergent conditions substantially reduced G␣q activation (see below). Therefore, we conducted the following characterizations at low detergent concentrations. To begin, we assessed the properties of NTS1, in the absence of G protein, by agonist-binding experiments. At low receptor protein concentrations (Ͻ1 nM), [ 3 H]NT saturation binding (Fig. 1a) and homologous competition experiments (Fig. 1b) gave Hill slopes of Ϸ1, indicating that one receptor molecule binds one ligand. The B max values obtained from ligand binding closely matched the amount of receptor input [supporting information (SI) Table 1 ], estimated by the Amido black dye method (21) . At increased receptor protein concentrations (Ͼ20 nM), we observed Hill slopes of Ϸ2 ( Fig. 1 b and c and SI Table  1 ), which is indicative of positive cooperativity. For this to occur, NTS1 must exist as dimers or higher-order oligomers. We used size exclusion chromatography (SEC), along with light scattering (LS), refractive index (RI), and UV measurements, to confirm the dimeric state of NTS1. This technique allowed the quantitative assessment of the contributions of protein and detergent to the mass of the receptor-detergent complex. In the presence or absence of NT, the mass of the protein-detergent complex was found to be Ϸ210 kDa ( Fig. 2 and SI Table 2 ) with an underlying protein mass of 77 kDa. The calculated molecular mass of the NTS1 monomer was 43.3 kDa. We conclude that NTS1 is dimeric and monodisperse in low-detergent buffer at micromolar protein concentrations. Our data would seem to exclude higher-order oligomers based on the hydrodynamic properties of NTS1 at micromolar concentrations (Fig. 2) and a Hill slope for NT binding that did not increase from Ϸ2 to 130 nM NTS1. The above pharmacological results (Fig. 1 ) combined with biochemical data (Fig. 2) are consistent with NTS1 undergoing a transition from monomer to dimer at receptor concentrations between 2 and 20 nM (Fig. 1c and SI Table 1 ). The K d value is low compared with those determined for other membrane protein dimers (22, 23) . However, a strong dependence of K d value on detergent type and detergent concentration has been observed, with K d values as low as 80 nM reported for the glycophorin A transmembrane domain (23) .
SEC experiments defined NTS1 as a dimer in the presence of low detergent concentrations (Fig. 2) , whereas, under highdetergent conditions, NTS1 is monomeric (SI Fig. 4a and SI Table 3 ). Varying the detergent amounts would thus be one possible way of generating NTS1 in its monomeric or dimeric state. However, we could not assess whether the NTS1 monomer, produced in this way, catalyzed nucleotide exchange at G␣q, because high detergent concentrations severely impaired G Mass analysis of purified NTS1 by SEC coupled with LS, RI, and UV measurements. The experiment shown was performed in buffer C (low detergent, no NT present). The Rayleigh ratio (left y axis) is proportional to the intensity of the scattered light. The calculated molecular mass values (right y axis) across the chromatographic peak are constant for the receptordetergent complex (shown in black, 210 kDa) and for the receptor protein (shown in green, 77 kDa), suggesting that the NTS1 preparation was monodisperse. The receptor protein concentration at start was 42 M. Addition of NT to the receptor and column buffer C did not affect the mobility of NTS1 (SI Table 2 ). High LS background prevented the determination of the mass of the monomeric NTS1-detergent complex (see SI Fig. 4a ) in high-detergent buffer.
protein activation (SI Fig. 4b ). Therefore, to determine whether G protein activation requires receptors to be monomers or dimers, we assessed agonist saturation of NTS1-catalyzed GDP/ guanosine 5Ј-[␥-thio]triphosphate (GTP␥S) exchange in lowdetergent buffer at receptor concentrations of 100 and 1 nM ( Fig. 3 a and b) , and our data demonstrated that NTS1 is predominantly dimeric or monomeric, respectively (see Fig. 1 and SI Table 1 ). Half-saturation of NTS1-catalyzed GDP/ GTP␥S exchange at high receptor concentrations ( Fig. 3a) was reached at NT concentrations comparable with that obtained from homologous competition experiments. The positive cooperative binding of NT by NTS1 dimers appeared to be decreased in the presence of G protein. We conclude that agonist-occupied NTS1 dimers activate G␣q. As shown in Fig. 3b , NTS1 at low concentrations also catalyzed GDP/GTP␥S exchange. Because NTS1-catalyzed nucleotide exchange at G␣q is critically dependent on the presence of G␤ 1 ␥ 2 (SI Fig. 5 ) (see also refs. 24 and 25), both G␣ and G␤␥ docking sites must be present on the receptor monomer to allow G protein activation. This conclusion is supported by findings that transducin Gt␤␥ interacts directly with light-activated rhodopsin protein (see refs. [26] [27] [28] and that the binding interactions of the Gt␣ and Gt␤␥ subunits with rhodopsin are synergistic (24) .
Next, we conducted experiments to analyze the G␣q saturation of NTS1-catalyzed GDP/GTP␥S exchange (Fig. 3c) . If we assume that the G␣q and the G␤ 1 ␥ 2 docking sites of each of the receptor protomers in the dimer are identical to those of a receptor monomer and that, according to current models, one G␣ subunit and one G␤␥ dimer are present at the receptor dimer (29), then we would expect a similar K m value at high and low receptor concentrations. We found that the apparent K m value for the specific, NT-induced nucleotide exchange at a 1-nM receptor concentration was 530 nM, which was almost 2-fold lower than that at a 100 nM receptor concentration (K m value of 961 nM; t test, P Ͻ 0.05; Fig. 3 c and d) . These results indicate that the G protein subunit interactions in the dimeric NTS1 are not equivalent to those in receptor monomers. Discussion NTS1 dimerizes in detergent solution; however, its dimer interface is currently unknown. A molecular model of a rhodopsin dimer proposes protomer-protomer interactions through transmembrane helices 4 and 5 (3). A similar interface has been identified by cross-linking studies in membranes for opsin and other class A GPCRs (see, for example, refs. 30 and 31). Currently it is unknown whether productive interaction with G proteins only occurs when receptors dimerize through helices 4 and 5 or whether other dimer orientations are also permissible.
NTS1 dimerizes in a concentration-dependent manner, with a small percentage of dimers always present at low receptor concentrations. Therefore, a low residual NTS1 dimer population, rather than receptor monomers, could be responsible for efficient G protein coupling at a 1-nM receptor concentration. However, this seems unlikely because of the different binding characteristics of G protein to NTS1 at high and low receptor concentrations (Fig. 3) .
NTS1 monomers catalyze nucleotide exchange at G␣q with higher affinity than NTS1 dimers (Fig. 3) . This is in contrast to experiments with a purified leukotriene B4 receptor (16) and purified rhodopsin (32) that concluded that full G protein activation requires a dimeric or oligomeric receptor complex, even though the receptor monomer can activate G protein to some extent. G␣q activation by NTS1 monomers in the presence of G␤ 1 ␥ 2 can readily be measured at low detergent concentrations (Fig. 3) , but not under high detergent conditions (SI Fig.  4b ). Rhodopsin was prepared as a mixture of monomers and dimers in the detergent n-dodecyl-␤-D-maltoside [also called lauryl maltoside (LM)] at 0.15%, and as larger, nonhomogeneous particles in n-tetradecyl-␤-D-maltoside (0.03%) and n-hexadecyl-␤-D-maltoside (0.003%) (32) . Therefore, elevated detergent concentrations, rather than monomer, dimer, or oligomer properties, may account for the reduced G protein coupling of rhodopsin in LM. Leukotriene B4 receptor monomers were prepared in n-hexadecyl-␤-D-maltoside/asolectin in the presence of a large molar excess of a transmembrane peptide, TM6 (29) , which, as noted, possibly decreased receptor-G protein coupling efficiency (16) .
Lipid has been found to modulate the interaction between receptor and G protein (33) . The leukotriene B4 receptor was prepared in lipid/detergent mixed micelles (n-hexadecyl-␤-Dmaltoside/asolectin) (16); the above mentioned rhodopsin preparations contained phospholipid ranging from 22 (in LM) to 44 (in n-hexadecyl-␤-D-maltoside) lipid molecules per rhodopsin molecule (32) . The lipid content of the NTS1 preparation and the potential effect of certain lipid types on G protein activation by NTS1 monomers and dimers await further analysis.
Our data, obtained for pure receptor and G protein subunits in defined detergent conditions, clearly describe an intrinsic dimerization of NTS1 with nanomolar affinity and agree with the conclusion that class A GPCRs dimerize, as seen with the leukotriene B4 receptor BLT1 (16, 29) . The positive cooperative binding of NT by NTS1 dimers appears to be decreased in the presence of G protein (Fig. 3a) , suggesting that G protein and agonist sites in the receptor dimer are linked in a negative cooperative manner. This observation with pure components in detergent solution may be a reflection of the long known GTP-induced shift of agonist affinity typical for GPCRs in membrane preparations (34) .
The diminished capacity of the NTS1 dimer, as compared with the monomer, to activate G␣q can be explained as follows. The NTS1 monomer is capable of initiating G protein signaling; hence, both G␣q and G␤ 1 ␥ 2 docking sites must be present on the receptor monomer to allow G protein activation (see Results). Consequently, each protomer in the NTS1 dimer has G␣q and G␤ 1 ␥ 2 binding sites; however, these sites may not be equivalent in each protomer. The reduced affinity of the NTS1 dimer to interact with G␣q could be due to an occlusion of one of the receptor protomer G protein subunit binding sites (either for G␣q or G␤ 1 ␥ 2 ) within the dimer. This may lead to internal competition of G protein subunit binding and may explain why the G protein interaction in the dimeric NTS1 is not the same as that seen in the receptor monomer.
Materials and Methods

The detergents n-dodecyl-␤-D-maltoside (LM), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and cholesteryl hemisuccinate Tris salt (CHS) were from Anatrace (Maumee, OH).
Preparation of NTS1, G␣q, and G␤1␥2. For details see SI Materials and Methods. NTS1 was produced in Escherichia coli as a maltose-binding protein fusion and purified as described (35) . To obtain NTS1 devoid of the maltose-binding protein and affinity tag, the fusion protein was incubated with Tev protease to generate rT43NTR, with Ser-Gly-Ser at the N terminus and with the C terminus ending in Glu 421 -Asn-Leu-Tyr-Phe-Gln. We refer to rT43NTR as NTS1. SEC of NTS1 at low detergent concentrations preceded the ligand-and G protein-binding experiments. Cephalopod G␣q was purified from dark-adapted retinas of Sepia officinalis as described (36) . The dimer of human G␤ 1 and human G␥ 2 H6 (G␥ 2 contains an N-terminal His 6 tag) was expressed in the insect cell/baculovirus system and purified as described (37) . We refer to G␤ 1 ␥ 2 H6 as G␤ 1 ␥ 2 .
Saturation and Competition Agonist-Binding Experiments. Ligandbinding analyses with detergent-solubilized, purified receptors were done as described (35, 38, 39) Table 1 ) was estimated by the Amido black dye method (21) .
Data Evaluation of [ 3 H]NT Binding Experiments.
Data were analyzed by nonlinear regression using Prism software, version 4 (GraphPad, San Diego, CA). A one-site binding equation was used to determine the B max and K d values from saturation binding experiments at equilibrium (Fig. 1a and SI Table 1 ). In homologous competition (NT/[ 3 H]NT) experiments at 0.95 nM receptor protein (Fig. 1b and SI Table 1 ), ligand depletion was considered to be comparatively low (Ͻ30%). A sigmoidal doseresponse equation (variable slope) was used for curve fitting by using the concentrations of total NT added vs. specifically bound [ 3 H]NT. The B max value at 0.95 nM receptor input (SI Table 1 GDP/GTP␥S Exchange Assay. The concentration of NTS1 obtained by SEC (see above) was Ϸ1 M. Receptors were added to the nucleotide exchange reactions to a final concentration of 1, 95, or 100 nM by dilution, thereby ensuring that the final free detergent concentration was the same in all experiments. The receptor-catalyzed exchange of GDP for GTP␥S on G␣ was determined by modification of previously described procedures (40, 41) . Reactions were carried out in 12 ϫ 75 mm siliconized borosilicate glass test tubes in a total assay volume of 50 l. Reaction mixtures were kept on ice throughout the procedure. Detergent-solubilized, purified NTS1 was added to G protein (Sepia G␣q and human G␤ 1 ␥ 2 ) and agonist to give a volume of 30 l. GDP/GTP␥S exchange was initiated by the addition of 20 l of [
35 S]GTP␥S mix. The final component concentrations in each sample were 50 mM Mops (pH 7.5), 7% (vol/vol) glycerol, 1 mM EDTA, 100 mM NaCl, 1 mM DTT, 3 mM MgSO 4 , 1.2% (wt/vol) BSA, 1 M GDP, 4-8 nM [
35 S]GTP␥S (Perkin-Elmer), 0.01% LM, 0.06% CHAPS, and 0.0012% CHS. The duration of incubations was as follows: 15 min for the determination of the effect of detergent on the agonist-stimulated GDP/GTP␥S exchange by G␣q (NTS1 at 95 nM, G␣q at 100 nM, G␤ 1 ␥ 2 at 500 nM, and NT at 1.12 M; SI Fig. 4b ), 10 min for NT saturation of G␣q activation at high receptor concentration (NTS1 at 100 nM, G␣q at 1 M, and G␤ 1 ␥ 2 at 1 M; Fig. 3a ), 2 h for NT saturation of G␣q activation at low receptor concentration (NTS1 at 1 nM, G␣q at 1 M, and G␤ 1 ␥ 2 at 1 M; Fig. 3b ), 5 min for the G␣q saturation of NTS1-catalyzed GDP/GTP␥S exchange at high receptor concentration (NTS1 at 100 nM, G␤ 1 ␥ 2 at 1 M, and NT at 10 M; Fig. 3c) , and 1 h for the G␣q saturation of NTS1-catalyzed GDP/GTP␥S exchange at low receptor concentration (NTS1 at 1 nM, G␤ 1 ␥ 2 at 1 M, and NT at 10 M; Fig. 3c ). The fractional contribution of the noncatalyzed nucleotide exchange at a given G␣q concentration was estimated in reactions containing NTS1 at 100 or 1 nM, in the presence of G␤ 1 ␥ 2 at 1 M (n ϭ 1) or in the absence of G␤ 1 ␥ 2 (n ϭ 2) (similar results). Reactions were terminated by diluting the reaction mixture with 2 ml of ice-cold stop buffer (20 mM Tris⅐HCl, pH 8.0/100 mM NaCl/25 mM MgCl 2 ) and were filtered over nitrocellulose membranes on a vacuum manifold. Filters were then washed six times with 2 ml of ice-cold stop buffer. The nitrocellulose membranes were dried overnight, and the radioactivity quantitated by liquid scintillation in a Beckman Coulter LS 6500 scintillation counter. For NT saturation experiments, initial rates of reaction were approximated throughout; i.e., Ͻ30% (Fig. 3a) or 15% (Fig. 3b) of [ 35 S]GTP␥S was consumed at the highest agonist concentration. In G␣q saturation experiments (Fig. 3c) , Ͻ35% and 7% of [ 35 S]GTP␥S was consumed at 2 M G␣q with 100 and 1 nM NTS1, respectively. Data Evaluation of GDP/GTP␥S Exchange Experiments. Data were analyzed by nonlinear regression using Prism software, version 4 (GraphPad). A sigmoidal dose-response equation (variable slope) was used for curve fitting of data from NT saturation of NTS1-catalyzed GDP/GTP␥S exchange experiments at high and low receptor concentrations (Fig. 3 a and b) . For the determination of K m values for G␣q saturation of NT-induced, receptorcatalyzed GDP/GTP␥S exchange ( Fig. 3 c and d) , [ 35 S]GTP␥S binding in the absence of NT (i.e., the noncatalyzed nucleotide exchange at a given G␣q concentration) was subtracted from [ 35 S]GTP␥S binding in the presence of NT. The resulting data, reflecting specific NT-induced nucleotide exchange, were analyzed by using a one-site binding equation. In contrast to homologous competition (NT/[ 3 H]NT) experiments, the degree of ligand depletion in GDP/GTP␥S exchange assays at high receptor protein concentrations could not be directly assessed because no tracer was present. To compare nucleotide exchange experiments with homologous competition assays (Fig. 3 a and  b) , data are shown as total NT added (x axis) for both types of experiments. Note that the calculated EC 50 values (GDP/GTP␥S exchange) and IC 50 values (homologous competition) are apparent values rather than true affinities at high receptor concentrations.
Determination of the Receptor Mass in Protein-Detergent Complexes
by SEC with LS, RI, and UV Measurements (SEC LS/RI/UV). SEC LS/RI/UV experiments have been used to obtain the molecular mass and oligomeric state of membrane proteins, and the amount of the protein-bound detergent (42) (43) (44) (45) . The method is based on SEC used in series with UV absorption, laser LS, and differential RI detectors. The theory and applications of this method have been described (46) (47) (48) . LS and UV data were obtained by using a Superose 6 HR 10/30 column (GE Healthcare, Piscataway, NJ) with in-line multiangle LS (DAWN EOS, Wyatt Technology, Santa Barbara, CA), RI (Optilab DSP, Wyatt Technology), and UV detectors. The SEC column was equilibrated with buffer C [20 mM Tris⅐HCl, pH 7.4/7% (vol/vol) glycerol/1 mM EDTA/100 mM NaCl/1 mM DTT/0.01% LM/ 0.06% CHAPS/0.012% CHS], buffer C containing 23.9 M NT (N6383, Sigma, St. Louis, MO), or buffer D [20 mM Tris⅐HCl, pH 7.4/7% (vol/vol) glycerol/1 mM EDTA/100 mM NaCl/1 mM DTT/0.3% LM/0.15% CHAPS/0.03% CHS]. The sample (180 g of NTS1 at 1.8 mg/ml or 42 M) was applied to the SEC column at a flow rate of 0.5 ml/min at room temperature. Before run C plus NT, a 4-fold molar excess of NT was added to the receptor. Before run D, LM was added to the sample to match the LM concentration in buffer D. The data were processed by using Astra software (Wyatt Technology), version 5.1.9.1. The extinction coefficient for NTS1 at 280 nm was calculated from the amino acid sequence as 1,213 (ml⅐g Ϫ1 ⅐cm Ϫ1 ). The detergent was assumed to have negligible absorbance at 280 nm. A RI increment value (dn/dc value) of 0.185 (ml/g) was used for the protein component; a dn/dc value of 0.133 (ml/g) was used for the modifier (detergent) (49) . BSA (A7638, Sigma) was used as a control ( ϭ 667 ml⅐g Ϫ1 ⅐cm Ϫ1 ).
SEC Experiments. SEC was performed by using a Superose 6 HR 10/30 column (GE Healthcare), equilibrated with buffer C, buffer D, or buffer D containing 23.9 M NT (N6383, Sigma). The sample (NTS1 at 2 mg/ml or 46 M) was applied to the SEC column at a flow rate of 0.3 ml/min at 4°C, and 0.5-ml fractions were collected. Before run D plus NT, a 5-fold molar excess of NT was added to the receptor. Individual fractions were analyzed by SDS/PAGE using NuPAGE 4-12% Bis-Tris gels, MES SDS buffer, and SimplyBlue SafeStain, (Invitrogen, Carlsbad, CA) and Novagen (San Diego, CA) Perfect Protein Markers, 15-150 kDa.
Note. While this manuscript was under revision, Whorton et al. (50) and Bayburt et al. (51) reported efficient activation of G protein by GPCR monomers (␤2-adrenergic receptor and rhodopsin) in lipid disks. In addition, Bayburt et al. (51) described experiments with lipid disks containing two rhodopsin molecules.
